ABSTRACT During herpes simplex virus type 1 (HSV-1) infection,
INTRODUCTION
A feature of cells productively infected with herpes simplex virus type 1 (HSV-1) is the coordinate, temporal control of the. viral trans'criptional programme. The classification of at least three groups of HSV genes, immedediate-early (IE), early and late, is based on the kinetics of appearance and requirements for expression of their RNA and protein products (1, 2, 3) . We are interested in the transcriptional regulation of the class of HSV genes whose products appear latest during viral infection. The gene employed here for investigation is USll '•), which lies in the short-unique region of the HSV genome and odes a protein with apparent mol.wt. 21,000 (5) . The pics of USll gene expression is typical of the latest class p morally regulated HSV genes (6) . We are concerned here with the mechanisms which underlie this observed temporally regulated pattern of expression.
In addition to US11 (6) , late gene expression during virus infection has been studied using glycoprotein gC (7, 8) and a late promoter (L42) identified by Hall et al. (9.10) as examples of prototype late genes. Under conditions of DNA synthesis inhibition gene products of US11 and gC fail to accumulate, but using sensitive assays are nevertheless detectable (6, 8) . In these experiments using chemical inhibitors it is not possible to conclude that absolutely no DNA replication had taken place, nor reach any firm conclusion concerning the mechanistic relationship between DNA replication and late gene expression.
To determine whether DNA synthesis is obligatory for late gene expression, the level of transcription from a plasmid-borne late promoter (US11) has been studied in the presence or absence of a functional HSV origin of DNA replication. The US11 promoter has been linked to the rabbit (3-globin gene to distinguish US11 initiated RNA derived from the plasmid and the viral genome. After transfection of HeLa cells, which were then infected with HSV-1, the activity of the plasmid-borne US11 promoter was analysed by quantitation of correctly initiated RNA. The plasmid-borne US11 promoter was expressed with similar kinetics to the viral US11 promoter. The results indicate that DNA replication is not an absolute requirement for activation of the plasmid-borne US11 promoter, but is very important for achieving abundant expression. Transcription through the US11 promoter from an upstream promoter (belonging to the 3'co-terminal gene, IE-5) also appeared to play a positive role in achieving normal US11 gene expression.
MATERIALS AND METHODS 1. Cells and virus
HeLa cells used for transfections were grown in Dulbecco's modified Eagles medium supplemented with 2.5% calf serum and 2.5% foetal calf serum (Flow Laboratories). HSV-1 strain 17 syn + (11) was used for infection of transfected cells.
Plasmids
pRED4, pRED122 and pRED5 have been described (12, 13 Construction of pPJ2: The essential features of pPJ2 are shown in figure 2 .B. Briefly, its construction was as follows. The HSV portion (EcoRI-BamHI) of pGX57 was cut at its two internal Xhol sites, treated with exonuclease and religated with SstI linkers. The EcoRI site in the resulting plasmid was converted to Xhol, giving rise to the XhoI-SstI fragment of pPJ2. The Hindlll linker at the gD/globin junction of pRED122 was converted to an SstI site, and the resulting Sstl-PstI (from the PstI site in vector) fragment was used to provide the rabbit P-globin portion of pPJ2. Lastly, pBR322 vector sequences were completed with insertion of the appropriate XhoI-PstI fragment of pRED4. The HSV/fS-globin junction of pPJ2 was sequenced to verify the final structure and ensure proximity to the US11 3611 (5, 6) . This construction is outlined in figure 1 .
Construction of pPJ2-derivatives: As indicated in figure  2 .B there are five (conveniently spaced) Smal sites in pPJ2. A series of deletions were made by either; a) Xhol-partial Smal digestion followed by filling in and religation (which reproduces a Xhol site),-pPJX series; or b) Sstl-partial Smal digestion followed by Sail linker ligation -pPJS series. Insertion of the appropriate Xhol-Sall fragments from the pPJS series into the Xhol site of pPJX5 gave rise to pPJ4, pPJ5 and pPJ8. pPJ9 was made simply by a partial Smal digestion and religation. pPJ6 and pPJ7 were made by Smal or Smal-Xhol digestion respectively of pPJ4, followed by religation.
3. Calcium phosphate transfection, infection of HeLa cells, RNA isolation and SI mapping analysis Subconfluent layers of HeLa cells were transfected as described (12) using lOug of the test plasmid and lOug of the internal control plasmid, pRED5 ( fig.2.A) . Viral infections were performed 24h. after transfection and RNA prepared 16 hours after infection, except for the time-course experiment. The methods used for isolation and SI mapping of RNA are described (12) , using here as a probe the single stranded DNA fragment from pPJ2 shown in figure 2 .B, labelled at the BstNI site, position +136 in the globin gene. This probe detects RNA transcripts initiated from the capsites of pPJ2 and pPJ2-derivatives. In addition, it detects RNA originating from the the internal control plasmid pRED5 ( fig.2.A) , resulting in SI resistant bands which map to the break in homology at the gD/P-globin junction. Suitably exposed autoradiographs were analysed by densitometry (see 6). The ratio of correctly initiated 5'ends at the US11 promoter compared with bands from pRED5 corresponding to the homology break was calculated. The value of this ratio obtained with pPJ2 was taken to be 100 and ratios obtained with the mutants were expressed as a percentage of this. The activities given in figure 2.C are calculated from at least four independent experiments using two different plasmid preparations. 4 . DNA isolation and analysis DNA was isolated as described (6) (14) . The digested DNA was analysed by Southern blot hybridization with pBR322 DNA 32 P-labelled iji vitro (15, 16) . Ing each of pRED5 and pPJ2 were treated as the cellular DNA extracts, with the omission of Dpnl, to allow identification of bands corresponding to replicated pPJ2.
RESULTS

Construction and structure of pPJ2
The aim of this investigation was to study the effects of the presence of an HSV origin of replication on the activity of a plasmid-borne US11 promoter. The initial cloning objective was to construct a plasmid which directs properly regulated synthesis of correctly initiated transcripts from the US11 promoter, distinguishable from viral transcripts. This was based on the assumption that superinfection with HSV would be necessary to activate the plasmid-borne promoter in short-term transfection assays. Using the cloning scheme outlined in Materials and Methods and figure 1, plasmid pPJ2 was constructed. The region upstream from the US11 transcription start sites includes an origin of replication, and the promoter and upstream activating sequence of IE-5. Sequences which constitute the HSV-1 TR s /lR g origin of DNA replication (ORIs) are contained within the region -785 to -825 relative to the US11 transcription start site at +1 (17). The promoter for IE-5 is contained within a region extending 69bp upstream from the IE-5 transcription start site (-640 relative to +1 of US11). The far-upstream sequence or enhancer-like element, which is required for an ~8 fold stimulation of the IE-5 promoter mediated by the virion component Vmw65 (18), is located on the far side of ORIs relative to the IE-5 promoter; 944 to 1007 bp upstream from +1 of US11 (19). DNA sequencing confirmed the exact nucleotide sequence at the US11/P -globin junction. The 
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•PJX5 region 3' of +1 comprises 37 bp of untranslated US11 leader sequence, joined by an SstI linker to the entire rabbit p-globin gene, from -7 to 400 bp beyond the polyadenylation site. Internal control plasmid; pRED5
Quantitation and comparison of the results obtained from independent experiments using different plasmid constructions requires the ability to standardise transfection and RNA detection efficiencies. For this purpose we used pRED5 as an internal control plasmid which produces p-globin transcripts from its gD promoter under cis-control of the SV40 enhancer (see fig.2 .A). As described in Materials and Methods, the probe prepared from pPJ2 detects RNAs derived from pRED5 which span the break in homology between pPJ2 and pRED5. These RNAs, which include correctly initiated gD/^-globin RNA, varied in quantity during infection ( fig.2 .A), presumably in response to trans-acting viral factors which at early times increase gD expression from pRED5 above its cis-activated level mediated by the SV40 enhancer (13) . At late times pRED5 RNAs were readily detectable ( fig.3 .A) and gave a reliable standardisation of the transfections irrespective of co-transfection with 0RI + or 0RIt est plasmids ( fig.4 ).
Time-course of appearance and accumulation of hybrid transcripts from the plasmid-borne US11 promoter
To investigate whether the plasmid-borne US11 promoter mimicked its viral counterpart during transfection experiments, USll/p-globin RNA accumulation and plasmid replication was analysed in HeLa cells which had been transfected with pPJ2 and superinfected with HSV for various lengths of time. Cytoplasmic RNA was probed for USll/P-globin hybrid transcripts by SI mapping procedures, and the DNA analysis is described in the following section. The time-course experiment shown in figure  3 .A included transfection with both pPJ2 and pRED5, except for the indicated controls. In the absence of viral infection, the US11 promoter in pPJ2 was inactive, which demonstrates the plasmid-borne promoter is dependent on virus induced trans-acting factors involved in transcription and replication for its activity. After activation, the pattern and location of the promoter ( fig.3 .A) appeared to be identical to the transcriptional starts from the viral promoter (6). This was confirmed by running SI-protected hybrids of pPJ2 RNAs alongside a sequence ladder derived from the same probe (data not shown). The initial detection of hybrid gene transcripts in HeLa cells was surprisingly late at 8hrs ( fig.3.A) compared to the appearance of viral US11 transcipts at 2hrs in BHK cells (6) . We therefore examined US11 expression during viral infection of HeLa cells. Viral US11 transcipts were not detectable before 6hrs p.a. and it was also noted that cytopathic effects were delayed compared to HSV-1 infection of BHK cells (data not shown). Thus in the same cell type, the plasmid-borne and analagous viral promoters are regulated with essentially the same kinetics of induction. The final two tracks in figure 3 .A demonstrate the plasmid origin of the indicated US11 or pRED5 bands.
Replication of pPJ2
Analysis of the regulation of US11 in viral studies demonstrated the importance of viral DNA replication in achieving abundant gene expression (6) . To test whether the origin of replication in pPJ2 was functional in transfected cells, DNA was extracted from the same cells used in the time-course experiment described above, and the samples analysed as described in Materials and Methods. Digestion with SstI and PvuII allows discrimination between bands arising from pRED5 and pPJ2. Treatment with Dpnl distinguishes between replicated plasmid DNA and unreplicated input DNA of bacterial origin. Figure 3 .B shows the time-course of pPJ2 replication following super infection with HSV-1. The appearance of Dpnl resistant bands from pPJ2 clearly shows that the plasmid is efficiently replicated after infection of the transfected cells with HSV-1. At later times, concatemeric forms of pPJ2 become increasingly resistant to cleavage with SstI and PvuII due to partial digestion. There are no Dpnl resistant bands derived from pRED5, indicating that, as expected, this plasmid is not replicated during the course of the transient assay, and that the Dpnl digestion was complete in these samples.
Quantitation of US11 transcript and plasmid replication
The accumulation of US11 hybrid transcripts correlates well the replication of pPJ2 ( fig.3.A,B) , and is thus characteristic of normal late gene expression. Using the Southern blot shown in figure 3 .B it was possible to estimate the number of plasmid copies per cell in the DNA samples of the time-course. The level of replicated plasmid molecules, which have necessarily spent some time in 'active areas' of the cell nucleus, should give a more reliable guide to template availability for 3617 The graph of DNA corresponds to the blot in fig.3 .B. Copy number was estimated by calculating the ng equivalents of replicated pPJ2 present at each time point, on the assumption that 50% of transfected HeLa cells take up calcium phosphate precipitated DNA (based on unpublished immunoflouresence studies with the same cell line) Ing pPJ2 (1.3xlO 8 copies) = 650 copies per cell; l/5th total DNA from 2x10^ cells was used for each analysis. The level of intracellular input pPJ2 was estimated from the Dpnl digested DNA in uninfected cells, taking into account the proportion of pRED5 DNA. The relative amount of USll-hybrid transcript accumulation (from fig.3 .A) takes the first detected level at 8hrs to be 1. transcription than measurements of total isolated plasmid DNA. By comparing the relative rise in accumulated hybrid transcripts to replicated plasmid copy number, it was reasoned that information regarding the relationship between copy number and late gene expression could be derived.
Autoradiographs of the SI gel shown in figure 3 .A and a shorter exposure of the blot shown in figure 3 .B (to ensure linearity between lighter and darker tracks) were scanned and quantitated. The estimated level of plasmid copies per cell and relative accumulation of USll-hybrid transcripts are shown in figure 4 (methods of calculation are described in fig.4 legend) .
At 4hrs p.a. no replicated plasmid DNA was detectable, even on long exposures of the blot (the limit of sensitivity was estimated at approximately 4 copies/cell). Replicated pPJ2 DNA was first detected at 8hrs p.a., at a level of 530 copies per cell, and doubled between 8 and 12hrs p.a., and then increased 6-fold during the following 4hrs (fig.4) . The input (unreplicated) plasmid DNA was estimated at 1100 copies of pPJ2 per cell (fig.4) , which is consistent with the data of Alwine (20). Since DNA was extracted from the nuclei of transfected cells, it would seem reasonable to propose that most of the 1100 copies were intranuclear and were available for transcription and replication.
It was notable that USil-hybrid transcript accumulation dramatically increased (at least 10-fold) between 8 and 12hrs p.a., a period in which replicated template copy number had barely doubled (fig.4) . Thereafter, transcript levels increased 1.3-fold between 12 and 16hrs, and in 2-fold steps up to 20 and 24 hrs. Hybrid transcript accumulation from 12hrs onwards increases rapidly, and thus resembles the increase in replicated template from 8hrs onwards, suggesting that transcript accumulation has increased proportionally with copy number during this phase. The implications of this are discussed later with consideration of the results from the following section. Role of DNA replication and IE-5 transcription through the US11 promoter on US11 promoter activity In order to investigate the absolute role of replication and possible effects caused by transcription from the IE-5 promoter on US11 gene expression, a series of derivatives of pPJ2 were constructed which contained deletions in the region far-upstream of the US11 RNA start sites. The construction of the pPJ2 derivatives, shown in figure 2.C, is outlined in Materials and Methods. US11 promoter activity was determined in short-term transfection assays by quantitative SI mapping of RNA prepared 16h. after HSV-1 super infect ion. Typical results obtained by SI mapping are shown in figure 5 and the averaged data from at least four independent experiments using more than one preparation of each plasmid was determined. can be split into three groups, on the basis of a broad correlation between inducible promoter activity and far-upstream structure:
(i) The activities of pPJ5, pPJ8, pPJX4 and pPJX5 were consistently less than 10% of wild type pPJ2 activity, and their structures have in common the absence of ORIs-The structure of pPJX4 differs from pPJX2 only by the absence of the origin containing sequence, yet the activity of the pPJX4-USll promoter was reduced to 3-4% of pPJX2. These results clearly show that deletion of ORIs results in a drastic decrease in USll promoter activity. Analysis of DNA from transfected cells using the Dpnl assay described earlier, showed a consistent correlation between ORI + plasmids and the appearance of replicated test plasmid DNA, whilst Dpnl resistant bands were not observed in DNA samples where ORI~ plasmids had been tested (data not shown).
(ii) Plasmids which contain ORI S but lack the IE-5 promoter (pPJ4, pPJ6 and pPJ7) have reduced USll promoter activity compared to pPJ2, but substantially higher levels of expression compared to constructs lacking ORIs. Since the IE-5 promoter is absent in pPJ4, 6 and 7, correctly initiated IE-5 RNA cannot be transcribed through the USll promoter in these constructions.
These data indicate that such through-transcription may play a positive role in US11 transcription.
(iii) Plasmids which retain the IE-5 promoter and ORIg have similar levels of expression compared to pPJ2, as seen with pPJX2, or substantially higher, in the case of pPJ9. The result with pPJ9 suggested that the presence of the IE-5 far-upstream activating sequence may be acting negatively on US11 promoter activity, but this hypothesis was inconsistent with the results for pPJX2. Similar comparison between the activities and structures of pPJ4, pPJ6 and pPJ7 yielded no obvious role for the far upstream element of IE-5 in moderating US11 promoter activity.
DISCUSSION
This report describes the use of a short-term transfection assay to study the regulated activity of an HSV-1 late promoter by quantitative SI mapping. The behaviour of the plasmid-borne US11 promoter closely mimicked its viral counterpart during productive infection. In response to activation during HSV-1 infection, correctly initiated transcripts were produced from the plasmid copy of US11 with the same kinetics as viral US11 transcripts, and similarly, their appearance coincided with the onset of DNA replication. Hybrid transcripts were not detected in mock-infected cells, indicating that induction of the plasmid-borne US11 promoter, like its viral counterpart, requires viral gene products. (6) is unlikely to exceed the 500-1000 intracellular plasmid copies estimated in this study. This comparison suggests that plasmid and viral templates are transcribed with similar poor efficiency in the absence of replication. A particularly good transfection efficiency and sensitive expression assay (e.g. CAT-assays) could account for a seemingly high level of late gene expression in the absence of DNA replication in some experimental systems (24).
In previous studies using phosphonoacetic acid (PAA) to inhibit DNA replication, viral US11 gene expression was reduced 50-100 fold (6) . However, in the viral experiments it was not clear whether the low level of US11 gene expression detected in the presence of PAA was due to incomplete inhibition of DNA synthesis or real replication-independent expression. The transient transfection assay system has demonstrated that the US11 promoter is functional in the absence of an origin of DNA replication. However, replication plays a major role in achieving abundant expression since USil transcription from ORI" plasmids was reduced 10-25 fold compared to the 'wild-type' 0RI + plasmid. True-late gene expression under non-replicating conditions has been recently reported for gC using wild-type virus and a ^£ DNA" mutant at the non-permissive temperature, both in the presence of PAA (8) . DeLuca and Schaffer (24) have recently shown that the L42 late promoter identified by Hall et^a_l., (9) when linked to the CAT gene on a 0RI~ plasmid is inducible by superinfection with HSV. Thus there is increasing evidence that activation of late gene expression does not require DNA replication a priori.
Replication of template DNA i^s necessary for abundant late gene expression. This may be achieved through increased copy number, and/or an altered template structure during or after replication of the DNA. An obvious role for replication would 3622 at University of Glasgow on December 19, 2012 http://nar.oxfordjournals.org/ Downloaded from be to increase the copy number of an intrinsically weak promoter. Since late genes can be activated in the absence of replication, it is plausible that the mechanism of their activation may be analagous to early genes, except that late promoters are comparibly poorer and thus are more dependent on high copy number for abundant expression. This has been shown to be the case for the SV40 late promoter (25,26). Since HSV early gene products do not accumulate in parallel with those of late genes after replication, the early promoter may be negatively regulated at late times, or they may compete for limited transcriptional factors not required by late genes or their gene products may become less stable.
The data in figure 4 indicates that the role of replication in late gene transcription may be more comlex than merely to increase copy number. Before the onset of DNA replication, up to 1000 copies per cell of plasmid DNA were isolated from transfected cell nuclei, yet no US11 transcription was detectable. US11 transcripts became detectable when there were 500 copies per cell of replicated plasmid DNA. The similarity in the times of appearance of US11 hybrid transcripts and pPJ2 plasmid DNA replication is striking. This observation suggests that template replication per se may account for an increase in late promoter activity, and thereafter transcript accumulation follows replicated DNA copy number ( fig.4) . However there is no evidence to distinguish between a lasting change in replicated structure from the transient act of replication itself in affecting late promoter activity. Speculatively, replication of and transcription through the US11 promoter (from the IE-5 promoter) may indicate a common mechanism by which both processes operate positively on late gene expression; both would lead to an opening up of the template structure to improve access for transcription machinery. According to this hypothesis the actual rate of late gene expression should drop immediately after replication has been inhibited late in infection. We are planning to test this idea.
The mechanism of late gene activation and the structural features that distinguish a late promoter from those of earlier classes remains unclear. Recently published evidence (24, 27) suggests that the trans-acting requirements for late gene activation may differ from earlier classes. We are currently investigating the sequence requirements for activation of the US11 promoter.
In summary, the activation of the US11 promoter is not dependent on, but substantially increased by DNA replication. The involvement of DNA replication in late gene expression has accounted for the placing of these promoters in a different class to other HSV genes, on the reasonable grounds of their characteristic expression kinetics. More detailed analysis of the rate of late gene expression during the presence and absence of DNA synthesis should aid the understanding of the link between DNA replication and late gene expression. Investigation of the cis-DNA sequences necessary for activation of a late promoter will yield clues concerning its trans-acting requirements and aid a more precise definition of late promoter.
